Recently, with development of laser techniques, the mid-infrared sources can be readily attained by quantum cascade lasers, semiconductor lasers, and four-wave mixing in filaments. [1] [2] [3] [4] Mid-infrared lasers are widely used in revealing molecular rovibrational transitions, detecting spectral fingerprints of carbon-hydrogen bonds, monitoring atmospheric trace molecules, sensing various types of environmental gases, and even analyzing exhaled human breath for medical diagnostics. [5] [6] [7] However, all the mid-infrared applications urgently call for dramatic improvement of midinfrared detection and imaging systems with high-sensitivity and low dark noise. So far, the mid-infrared detection techniques have lagged far behind the rapid development of the mid-infrared sources. Though many efforts have been focused on developing semiconductor detectors 8 such as HgCdTe, InSb, GaSb, and PbSe, most of the mid-infrared detectors have quite low sensitivities and large dark noise inherent from the low energy band-gap semiconductors used for photodetection. Mid-infrared imaging devices encounter even more severe difficulties of quite large dark noise. For instance, the widely used InSb-based mid-infrared cameras, 9 even cryogenically cooled, have the dark noise at least ten orders of magnitude above the single-photon photo-current, prohibitive for any imaging at quantum level, while presently available HgCdTe detectors 10 offer relatively high mid-infrared sensitivity that are ideal for low-throughput analysis as high sampling rates are required. Various HgCdTe photodiode array detectors are invented for the mid-infrared imaging applications. 11 The corresponding severe dark currents need to reduce billion times to reach the mid-infrared quantum detection regime. It is highly desired for all the mid-infrared applications to improve the detection and imaging sensitivity, and some ultra-high sensitivity applications even require mid-infrared photon detection and imaging techniques, stimulating a burgeoning area of mid-infrared quantum photonics.
On the other hand, mid-infrared photons could be upconverted into visible or near-infrared ones via nonlinear frequency up-conversion, exhibiting the potential for ultrahigh-sensitivity detection of mid-infrared photons. Such frequency up-conversion techniques were proposed as early as 1960s, but continuous experimental explorations in past 50 years failed in reaching sufficiently high up-conversion efficiencies. Nearly unitary up-conversion efficiency typically requires a sufficiently strong pump in a quadratic transparent crystal with a large optical nonlinearity, which nevertheless induces quite large parametric scattering noises. 12 Frequency up-conversion of mid-infrared images was demonstrated to be of no practical meanings under weak continuous-wave pumping. A breakthrough in improving the frequency up-conversion efficiency was made in 2012 with a continuous-wave intracavity pump scheme, based on which a quantum efficiency of 20% was achieved for upconversion of mid-infrared photons at 3-4 lm. 13 Actually, such an intracavity pump scheme was previously demonstrated to support an efficiency of 96% in up-converting single photons at the telecom wavelength.
14 As the frequency up-conversion was controlled to reach nearly unitary conversion efficiency, quantum features of the mid-infrared photons could be completely transferred to the up-converted photons. 15 This is anticipated to benefit mid-infrared imaging at few-photon level. By using electron multiplying silicon charged coupled devices (EMCCDs) to directly record the up-converted photons in the visible or near-infrared region, the efficient quantum up-conversion detection could be extended to ultra-sensitive mid-infrared imaging at fewphoton level with high quantum efficiency and good spatial resolution.
In this letter, we present the experimental demonstration of few-photon-level mid-infrared imaging at 3.39 lm based on pulse-gated frequency up-conversion. As benefited from the intense peak power of the pulsed pump, quite efficient frequency up-conversion could be achieved with a modest average pump power. 12, 16, 17 Mid-infrared photons at 3.39 lm were up-converted with a conversion efficiency of 32.9%, while mid-infrared images were frequency upconverted with a conversion efficiency of 12.5%. Under such an efficient frequency up-conversion, the mid-infrared images were conveniently detected by a high-performance a)
Electronic address: ewu@phy.ecnu.edu.cn. EMCCD. The pulsed pump equivalently functioned as an effective gate to reduce the background noise. As a result, the sensitivity of the up-conversion imaging was improved by counting the frequency up-conversion photons temporally confined within the time-window of the pumping pulse. The background noise was measured to be 1.1 Â 10 3 counts per second (cps).
The frequency up-conversion detection scheme is illustrated in Fig. 1 . The experimental setup consisted of pump and signal sources, frequency up-conversion, and imaging system. The mid-infrared signal source was provided by a He-Ne laser operated at 3.39 lm with a bandwidth less than 0.3 nm (PLASMA GNIK-3-1A). The signal light illuminated onto the transmission mask of three equally spaced vertical slits to form the object beam, and the size of the squared image was 1.5 mm. The mid-infrared imaging photons from the He-Ne laser were spectrally up-converted to nearinfrared via sum frequency generation (SFG) in an MgOdoped periodically poled lithium niobate (PPLN) crystal. MgO-doped PPLN was used mostly because of its large nonlinear optical coefficient and low photo-refraction influence. The periodically poled structure supported a relatively long quasi-phase-matching distance. We used a 50-mm-long MgO:PPLN crystal in our experiment. For the mid-infrared up-conversion, we need to concern the working temperature for the purpose to lessen the thermal emission. The upconversion was performed in an MgO:PPLN crystal of appropriate poling period so that quasi-phase matching condition could be reached slightly above room temperature, at which the MgO:PPLN crystal emitted negligible thermal radiation in the infrared wavelength region of interest. With a poling period of 22.35 lm, the MgO:PPLN working temperature was well-controlled at 28. 7 C with a fluctuation less than 0.1 C. The pump source was a passively mode-locked ytterbium-doped fiber laser with a repetition rate of 17.2 MHz. A 3-nm band-pass filter centered at 1050 nm was used in the laser cavity to get a pump source of narrow output spectrum. In order to satisfy the quasi-phase-matching bandwidth of the MgO:PPLN crystal (0.3 nm), a 0.3-nm bandwidth fiber Bragg grating (FBG) for 1050 nm was employed at the output of the ytterbium-doped fiber laser. The FBG-filtered laser output with 0.3-nm bandwidth was then amplified by two ytterbium-doped fiber amplifiers as the pump source. The maximum output power reached 28.8 mW and the pulse duration was measured to be 5.3 ps. The corresponding peak power reached 300 W. A long-pass filter cutting off at 1000 nm was used at the output of the pump beam to suppress the stray light background noise from the amplifiers. Two Glan prisms were used in front of the two beams, respectively, to select the vertical polarization to meet the requirement of quasi-phase-matching in the MgO:PPLN crystal. The object and pump beams were separately collimated and combined by a dichroic mirror, and then focused to optimize their spatial overlapping at the center of the precisely aligned MgO:PPLN crystal. The object field was transformed by a lens L1 (f ¼ 100 mm) to the Fourier plane of the 4-f imaging system, which was located at the center of the 50-mm-long MgO:PPLN crystal. The upconverted image was collected and collimated by a lens L3 (f ¼ 300 mm), and then directly detected by the EMCCD located at the image plane.
The mid-infrared object beam was up-converted through SFG to generate the near-infrared image at 802 nm. At first, we removed the mask and used a Si-avalanche photodiode (Si-APD) single-photon detector to evaluate the upconversion efficiency. Before injecting on the Si-APD detector, a filtering system, consisting of two high-reflection mirrors, a band-pass filter, and a short-pass filter, was used to cut down the background noise. Due to dispersion in the lithium niobate crystal, walk-off between the signal and pump should be considered in the 50-mm-long MgO:PPLN crystal. The walk-off parameter is given by
where k 1 and k 2 are the signal and pump wavelengths, respectively, and
, with n as a function of wavelength being the refractive index of the lithium niobate crystal. Then we got the walk-off parameter d 12 ¼ 247 ps/m, and the walk-off time t 0 ¼ 12.4 ps. And the walk-off length L W ¼ T 0 =jd 12 j was calculated to be 21.5 mm, where T 0 ¼ 5.3 ps was the pulse duration of the pump pulses. As thus, the temporal overlap between the signal and pump sources could be defined as
which was calculated to be 13.5 ps. As the signal was in the continuous-wave mode while the pump pulses came from the mode-locked laser, the duty cycle ratio of the pump source was 2.3 Â 10 À4 . As the incident power of the signal source was 64.4 nW, the total energy of the signal photons which was enveloped by each pump pulse was 3.7 Â 10 À6 nJ, corresponding to 6.3 Â 10 4 photons. A density attenuation of 44.4 dB was inserted after the He-Ne laser, and the signal at 3.39 lm was attenuated to few-photon level about 2.3 photons per pulse for the mid-infrared imaging. Then the upconverted photons with unitary conversion efficiency were calculated to be 3.9 Â 10 7 cps. The photon counting of the Si-APD was recorded as a function of the average pump power. The maximum detected photon counting of 4.1 Â 10 6 cps was achieved at the pump power of 28.8 mW. Therefore, FIG. 1 . Experimental setup of mid-infrared frequency up-conversion imaging system. Attn, attenuator; GP1 and GP2, Glan prism; DM, dichroic mirror; L1, L2, L3, lens; MgO:PPLN, MgO-doped periodically poled lithium niobate crystal; EMCCD, silicon electron multiplying charged coupled device.
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Zhou et al. Appl. Phys. Lett. 102, 241110 (2013) the maximum detection efficiency of 10.5% was deduced from 4.1 Â 10 6 cps/3.9 Â 10 7 cps. Considering that the transmittance of the whole filtering system was about 57.9% and the quantum efficiency of the Si-APD was about 55%, the corresponding conversion efficiency was inferred to be 32.9%.
The sum-frequency generation technique is characterized by the up-conversion efficiency g as
where P p is the incident pump power to the nonlinear crystal and P c is the pump power required to achieve unity conversion efficiency. The experimental conversion efficiency (the closed red circles) as a function of the pump power and the corresponding theoretical fitting (the black line) according to Eq. (3) are shown in Fig. 2 . According to the theoretical fitting, we obtained P c % 200 mW. The background counts recorded as a function of the pump power without mid-infrared photon injection are also shown in the inset of Fig. 2 . In this setup, the largest total background noise was about 1.1 Â 10 3 cps including the Si-APD dark counts of $300 cps, meaning that the noise probability per pulse was about 6 Â 10
À5
, which was deduced from 1.1 Â 10 3 cps/17.2 MHz. The total background noise was one of the most important factors which determined the experimental sensitivity. Background noises consisted in all counts generated from external photons other than the signal photons in frequency up-conversion system, including leakage of laser light, dark counts of the Si-APD, and up-conversion of thermal radiation. 18 In the mid-infrared imaging detection system, as the pump beam was spatially Gaussian-shaped, the noise from the up-converted blackbody radiation was also in Gaussian profile. As thermal light from blackbody radiation obeys the Bose-Einstein probability distribution, 19 by assuming that only one spatial mode is up-converted, the background noise count rate caused by blackbody radiation can be expressed as
where g tot is the total quantum efficiency of the system defined by the probability that an incoming photon generates a counting event, TðvÞ is the overall normalized transfer function of the optical components, ½expðhv=kTÞ À 1 À1 is the mean number of photons per mode and D=½expðhv 0 =kTÞ À 1 is the mean blackbody radiation photon rate. For the sake of simplicity, we approximate TðvÞ as a delta function, the full spectral integration thus covers Dv bandwidth centered at v 0 ¼ c=k signal . According to Eq. (4), the blackbody background noise increases with the overall efficiency. Then the total noise count rate can be given by hn tot i ¼ hn BG i þ hn DC i, where hn DC i is the background noise count rate caused by APD's dark counts, which is about 300 cps in our experiment. And hn BG i is dependent on the detection efficiency. Therefore, the dominative factor on the total noise is the blackbody background noise when the conversion efficiency increases. In the experiment, the blackbody background noise was mainly caused by the thermal radiation in the frequency upconversion crystal. At the operating temperature of 28.7 C, the MgO:PPLN crystal emitted almost no observable thermal radiation in the mid-infrared region around 3.39 lm.
20 And very few blackbody background photons were temporally confined within the time-window of the pumping pulse and frequency-up-converted to the visible regime, leading to the noise counts in the detection.
Combining frequency up-conversion system and advanced silicon EMCCD, 13 mid-infrared image at fewphoton level could be obtained with quite high sensitivity and good spatial resolution. Then we inserted a mask in the input infrared beam to check its influence on the midinfrared single-photon frequency-up-conversion. We first verified the conversion efficiency by focusing all the upconverted photons to the single-photon detector. With the signal light illuminating the mask of three equally spaced vertical slits, the detection efficiency reached 7.7%. The corresponding conversion efficiency was inferred to be 12.5%. Without the mask, the conversion efficiency reached up to 32.9% as the Gaussian-shaped signal beam was more concentrated at the Fourier plane without the effect of Fraunhofer diffraction. The distribution of the laser field at the Fourier plane is displayed in Fig. 3(a) , while Fig. 3(b) shows the filtered Fourier transformation patterns by the pump beam. The pump beam at 1050 nm had a Gaussian profile and it worked as a Gaussian spatial filter in our system. Thus, the low spatial frequency components located at the center of the focused pump beam could be more efficiently up-converted than the high spatial frequency components. According to the simulation, the ratio of signal beam power after and before the spatial filtering induced by the pump is 0.59.
After that, we replaced the single-photon detector by the EMCCD camera to catch the image. The signal at 3.39 lm was intentionally attenuated to few-photon level to test the mid-infrared imaging sensitivity. The up-converted images were registered by using an EMCCD (iXon3 897, Andor) thermoelectrically cooled to À85 C to lower the dark noise. The EMCCD was a silicon-based semiconductor chip of 512 Â 512 pixels. Each pixel covered a size of 16 Â 16 lm 2 , suitable for high spatial resolution imaging. 21 For the object beam, we set the integration time of 2 s, and accumulated once for each acquisition. few-photon level are shown in Fig. 3(d) . The images could be seen clearly but with blurred edges. The image distortion was ascribed to the point spread function effect in the upconversion imaging system. 21, 22 In conclusion, we demonstrated few-photon-level midinfrared imaging at 3.39 lm by efficient frequency upconversion system with low background noise. Benefited from pulsed pump at 1050 nm, high conversion efficiency was achieved with modest pump power. The mid-infrared photons of up-converted images were captured by the silicon EMCCD with high sensitivity and good spatial resolution. The compact fiber laser pumped up-conversion imaging system may offer promising applications that require ultrasensitive mid-infrared imaging such as gas analysis and medical diagnostics. Furthermore, with coincidence frequency up-conversion based on the synchronized signal and pump sources, 23 efficient mid-infrared up-conversion imaging was achieved, which may stimulate interesting explorations on quantum information processing with mid-infrared photons.
